Objective: Previously, we identified that transketolase (Tkt), an important enzyme in the pentose phosphate pathway, is highly expressed at 2 hours of spontaneous maturation in oocytes. Therefore, this study was performed to determine the function of Tkt in meiotic cell cycle regulation, especially at the point of germinal vesicle breakdown (GVBD). Methods: We evaluated the loss-of-function of Tkt by microinjecting Tkt double-stranded RNAs (dsRNAs) into germinal vesicle -stage oocytes, and the oocytes were cultured in vitro to evaluate phenotypic changes during oocyte maturation. In addition to maturation rates, meiotic spindle and chromosome rearrangements, and changes in expression of other enzymes in the pentose phosphate pathway were determined after Tkt RNA interference (RNAi). Results: Despite the complete and specific knockdown of Tkt expression, GVBD occurred and meiosis was arrested at the metaphase I (MI) stage. The arrested oocytes exhibited spindle loss, chromosomal aggregation, and declined maturation promoting factor and mitogen-activated protein kinase activities. The modified expression of two enzymes in the pentose phosphate pathway, Prps1 and Rbks, after Tkt RNAi and decreased maturation rates were amended when ribose-5-phosphate was supplemented in the culture medium, suggesting that the Tkt and pentose phosphate pathway are important for the maturation process. Conclusion: We concluded that Tkt and its associated pentose phosphate pathway play an important role in the MI-MII transition of the oocytes' meiotic cell cycle, but not in the process of GVBD.
Introduction
Mammalian oocytes are arrested at prophase I in the ovarian follicles, but undergo spontaneous maturation without requiring any stimulation factors upon removal from the follicle [1] . Progression of oocyte maturation through metaphase I (MI), which leads to chromatin condensation and spindle assembly, and MII occur without an intervening S phase [2] . We previously investigated global gene expression during oocyte maturation at 2 hours intervals and found that 417 genes were differentially expressed around the time of germinal vesicle breakdown (GVBD). Among these genes, five are involved in carbohydrate metabolism, and three, glucose phosphate isomerase 1 (Gpi1), glucose-6-phosphate dehydrogenase 2 (G6pd2), and transketolase (Tkt), are related to the pentose phosphate pathway. It has been reported that the pentose phosphate pathway may regulate oocyte maturation and early development of the embryo [3] [4] [5] . However, those results were obtained from the cumulus-oocyte complex (COC) and embryos, in a study that did not observe the molecular and cellular process-es in the oocyte itself. Therefore, it is necessary to examine the role of the pentose phosphate pathway in the oocyte in relation to oocyte maturation.
The pentose phosphate pathway meets the need of all organisms for a source of nicotinamide adenine dinucleotide phosphate (NADPH) to use in reductive biosynthesis, such as fatty acid, cholesterol, neurotransmitter, and nucleotide biosynthesis, and synthesizes five-carbon sugars (Figure 1 ). Tkt, with the transaldolase (Taldo1), is an enzyme in the nonoxidative branch of the pentose phosphate pathway that connects it with glycolysis, providing sugar phosphates to the main carbohydrate metabolic pathways [6] . Hexokinase phosphorylates glucose to form glucose-6-phosphate (G6P), an intermediate for either glycolysis or the pentose phosphate pathway. The pentose phosphate pathway converts G6P into ribulose-5-phosphate (Ru5P). Isomerization and epimerization reactions transform Ru5P either to xylulose-5-phosphate or to R5P, and R5P is converted into phosphoribosyl-pyrophosphate (PRPP), which enters into the de novo purine synthetic pathway [7] . It has been suggested that the purine nucleotides participate in the adenylate cyclase-catalyzed production of cyclic adenosine monophosphate (cAMP), which is a well-known regulator of oocyte maturation [8, 9] .
Energy substrates are key elements in the mechanism that controls oocyte maturation [4] . Therefore, we hypothesized that the loss of Tkt would have a detrimental effect on the spontaneous maturation of denuded oocytes, and we evaluated the consequence of the loss of Tkt on oocyte maturation, especially on the resumption of meiosis, by the microinjection of Tkt double-stranded RNAs (dsRNAs) into germinal vesicle (GV) oocytes.
Methods

Animals and collection of mouse oocytes
All ICR mice were acquired from Koatech (Pyeongtaek, Korea). This research was approved by the Institutional Animal Care and Use Committee of CHA University. For the collection of GV-stage oocytes from preovulatory follicles, three-week-old female ICR mice were injected with 5 IU of equine chorionic gonadotropin (eCG) and then sacrificed 46 hours later. After removal of the ovaries, the COCs were recovered in dishes of M2 medium (Sigma, St. Louis, MO, USA) containing 0.2 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma), which was used to inhibit GVBD. Cumulus cells (CCs) were removed by repeated passage of the oocytes through a fine-bore pipette.
For the collection of the MII-stage oocytes, female mice were injected with 5 IU eCG and, 46 hours later, with 5 IU hCG. Ovulated MII oocytes were collected from the oviduct 16 hours after the hCG injection. The CCs surrounding the MII oocytes were removed by treating COCs with hyaluronidase (300 U/mL, Sigma).
Isolation of mRNA
Messenger RNA was isolated from oocytes using the Dynabeads mRNA DIRECT Kit (Invitrogen Dynal AS, Oslo, Norway 25 were mixed with lysate and annealed by rotating for 3 minutes at room temperature. The beads were separated with a Dynal MPC-S magnetic particle concentrator, and poly (A) + RNA was eluted by incubation in 14 μL of Tris-HCl (10 mM Tris-HCl, pH 7.5) at 70°C for 2 minutes.
Preparation of double-stranded RNA
Tkt cDNA, amplified using the Tkt-A primer (Table 1) , was cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA) and linearized with SpeI. The orientation of the insert was confirmed by polymerase chain reaction (PCR) amplification using the T7 primer with each Tkt-A primer. Sequences of RNA were synthesized using T7 polymerase and the MEGAscript Kit (Ambion, Austin, TX, USA). Singlestranded sense and antisense transcripts were mixed, incubated at 75°C for 5 minutes, and then cooled to room temperature. Synthesis of dsRNA was confirmed using 1% agarose gel electrophoresis.
Reverse transcriptase-PCR
Complementary DNA (cDNA) was synthesized from mRNA using Table 1 . The PCR products were then separated by 1.5% agarose gel electrophoresis.
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR analysis was performed using the iCycler (Bio-Rad Laboratories Inc., Hercules, CA, USA). The iQ SYBR Green Supermix PCR reagents (Bio-Rad Laboratories Inc.) were used for monitoring amplification and the results were evaluated with iCycler iQ real-time detection system software. The reaction mixture contained cDNA, 20 pmol forward and reverse primers, and SYBR Green Supermix 2 (100 mM KCl, 40 mM Tris-HCl [pH 8.4], 0.4 mM of each dNTP, 50 U/mL iTaq DNA polymerase, 6 mM MgCl2, SYBR Green I, 20 nM fluorescein, and stabilizers). The template was amplified with 40 cycles of denaturation at 95°C for 40 seconds, annealing at 60°C for 40 seconds, and extension at 72°C for 40 seconds. Upon completion of PCR, fluorescence was monitored continuously while slowly heating the samples from 60°C to 95°C at 0.5°C intervals. The melting curves were used to identify any nonspecific amplification performed by determining the cycle threshold (CT) based on the fluorescence detected within the geometric region of the semi-log amplification plot. Expression of each mRNA species was normalized to that of GFP synthetic RNA. Relative quantitation of the target gene expression was evaluated using the comparative CT method [10] and the experiments were repeated at least three times using different sets of oocytes.
Microinjection and in vitro culture
To determine the function of Tkt in oocyte maturation, Tkt dsRNA was microinjected into the cytoplasm of GV oocytes. Oocytes were microinjected with 10 pL of Tkt dsRNA (2.3 μg/μL) in M2 medium containing 0.2 mM IBMX using a constant-flow system (Femtojet; Eppendorf, Hamburg, Germany). As a control to evaluate any injection damage, oocytes were injected with elution buffer. To determine the rate of maturation in vitro, the microinjected GV oocytes were cultured in M16 medium for 16 hours or in M16 medium containing 0.2 mM IBMX for 8 hours, followed by a further 16 hours in M16 medium in 5% CO2 at 37°C.
Non-invasive observation of the spindle structure
The spindle structures of the living oocytes were observed using the LC Pol-Scope optics and controller system combined with a computerized image analysis system (Oosight Meta Imaging System, CRI Inc., Woburn, MA, USA).
Orcein and immunofluorescence staining
The oocytes were fixed in aceto-methanol (acetic acid:methanol= 1:3) solution for at least 3 to 4 hours at 4°C. The fixed oocytes were mounted on slides, stained with aceto-orcein solution (1% Orcein, 45% acetic acid), and examined under microscopy.
Immunofluorescence staining for α-tubulin and DNA was performed as described previously [10] . Denuded oocytes were placed in Dulbecco' s phosphate-buffered saline (PBS) containing 0.1% PBS-polyvinyl alcohol (PVA), 4% paraformaldehyde, and 0.2% Triton X-100, and then fixed for 40 minutes at room temperature. The fixed oocytes were washed 3 times in PBS-PVA for 10 minutes each time and stored overnight in 1% bovine serum albumin (BSA)-supplemented 
RT-PCR, reverse transcriptase-polymerase chain reaction; F, forward; R, reverse. PBS-PVA (BSA-PBS-PVA). The oocytes were blocked with 3% BSA-PBS-PVA for 1 hour and incubated with the mouse monoclonal anti-α-tubulin antibody (1:100 dilution, sc-8035; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. After washing, the oocytes were incubated with fluorescein isothiocyanate-conjugated antimouse IgG (1:40; Sigma) for 1 hour at room temperature, and the DNA was counterstained with propidium iodide (Sigma).
Dual kinase activity assay
The activities of two important kinases, maturation promoting factor (MPF) and mitogen-activated protein kinase (MAPK), involved in oocyte maturation were assayed simultaneously in each sample. The dual kinase assay was conducted as described previously [10] . The oocytes were washed in 0.1% PBS-PVA, and each group of oocytes was placed in an Eppendorf tube containing 1 μL of 0.1% PBS-PVA and 4 μL of ice-cold extraction buffer. The oocytes were centrifuged at 13,000 g for 3 minutes, added to 5 μL of kinase buffer (containing 0.3 μCi/mL γ-[ 32 P]-ATP, Amersham Pharmacia Biotech, Buckinghamshire, UK) and 5 μL of substrate solution, and this mixture was incubated for 20 minutes at 37°C. The substrate solution for the MPF and MAPK dual kinase assay contained 4.5 μL of histone H1 (5 mg/mL, from calf thymus) and 0.5 μL of myelin basic protein (MBP; 5 mg/mL, from bovine brain). The reaction was terminated by the addition of 5 μL of 4X SDS sample buffer and boiling for 5 minutes. The samples were loaded onto a 15% gel for separation of the labeled MBP and histone H1, followed by drying of the gels and autoradiography.
Statistical analysis
The data were analyzed with one-way analysis of variance. The re- sults are presented as the mean±SE and a p-value of less than 0.05 was considered statistically significant.
Results
Oocyte maturation after Tkt RNAi
Using real-time RT-PCR, we confirmed that the expression of Tkt mRNA was the highest at GVBD (Figure 2 ). We evaluated changes in oocyte maturation at 0.5 hour intervals during the first 2 hours of dsRNA microinjection, and at 2 hours intervals for the ensuing 16 hours. Unexpectedly, GVBD occurred in the absence of Tkt expression. However, GVBD was slightly retarded compared to that of the control oocytes, but finally all oocytes resumed meiosis at around 4 hours of incubation ( Figure 3A) . The maturation rate to MII (3.57%) significantly decreased after Tkt RNAi compared to that of the control oocytes (94.55%). Seventy-five percent of oocytes subjected to RNAi treatment were arrested at the MI stage, and 19.64% of oocytes had an abnormal shape ( Table 2 ). The typical expression pattern of Tkt mRNA during in vitro maturation exhibited a remarkable reduction in the MII stage ( Figure 3B ). In comparison, the Tkt mRNA levels began to decline gradually at 4 hours and completely disappeared by 8 hours in culture after RNAi treatment ( Figure 3C ). Thus, we decided to incubate the oocytes after RNAi in the IBMX-containing medium for 8 hours to ensure complete degradation of Tkt at the GV stage, and then to start in vitro maturation without Tkt mRNA expression.
After 8 hours of incubation in IBMX-containing medium, an additional 16 hours of culture in IBMX-free M16 medium was followed to allow in vitro maturation, as described in Figure 4A . Complete knockdown of Tkt mRNA in the oocytes at the GV stage was confirmed after 8 hours of incubation ( Figure 4B ). By incubation in IBMX-free medium for 16 hours, we confirmed the resumption of meiosis of those oocytes despite the complete knock down of Tkt mRNA. Again, approximately 80% of the oocytes were arrested at the MI stage ( Figure  4C ). Western blot analysis of Tkt protein in MI-arrested oocytes showed a mark ed decrease (around 60%) of Tkt protein expression by Tkt RNAi (Figure 4D, E) .
Changes in the spindle and chromosomes after Tkt RNAi
We analyzed the state of the meiotic spindles non-invasively in living oocytes using a Pol-Scope ( Figure 5A ). The control oocytes had bright barrel-shaped spindles in a normal position (Figure 5Aa') . The spindles in all of the Tkt RNAi oocytes were undetectable with the Pol-Scope (Figure 5Ab' , c') . The chromosomes also exhibited an abnormal aggregated form by Tkt knockdown (Figure 5Ae, f) . We confirmed these abnormal features of the spindles and chromosomes again by immunofluorescence staining (Figure 5Ag-i) . By immunofluorescence staining, it was apparent that the spindle structure was severely affected by Tkt RNAi.
Control
Tkt The amount of phosphorylated H1 and MBP, namely the relative activity of each kinase, was calculated by quantifying phosphorylation of the substrates. The experiments were repeated at least three times, and the data are presented as the mean±SE ( a p<0.05). Tkt, transketolase; MPF, maturation promoting factor; MAPK, mitogen-activated protein kinase; H1, histone H1; MBP, myelin basic protein; MI, metaphase I. scripts (Gpi1, G6pd2, Rpe, Rpia, and Taldo) in the pathway was not affected, but Prps1 and Rbks transcripts were dramatically decreased ( Figure 6 ). Therefore, we hypothesized that this decrease of Prps1 and Rbks mRNA expression may have been caused by Tkt RNAi and by its consequence of a decreased amount of substrate R5P. We then confirmed this hypothesis by culturing oocytes in the medium supplemented with 1 mM R5P, as described in the schematic diagram in Figure 7A . After Tkt RNAi, 16.7% of oocytes reached MII in M16 medium, whereas 38.5% of oocytes developed to the MII stage when cultured in the medium containing 1 mM R5P ( Figure 7B ). We also found increased Rbks and Prps1 mRNA expression in the R5P-treated oocytes ( Figure 7C , Tkt RNAi+R5P lane).
Discussion
Tkt, an enzyme in the non-oxidative branch of the pentose phosphate pathway, is an important enzyme that has been reported to be related to many diseases, such as the loss of eye transparency, Alzheimer's disease, cancer, and diabetes [11] [12] [13] [14] . By serving as a reversible linkage between the pentose phosphate pathway and glycolysis, Tkt permits the cell to adapt to a variety of metabolic needs under changing circumstances [14] . Tkt is necessary for embryonic development, since it is essential for energy production and nucleic acid synthesis [15] . We hypothesized that Tkt and its related metabolic pathway, the pentose phosphate pathway, may play important roles in oocyte maturation, especially in the commencement of GVBD, since we had confirmed that Tkt mRNA expression is highest at GVBD by real-time PCR. However, contrary to this assumption, complete knockdown of Tkt mRNA at the GV stage did not affect the initiation of GVBD in mouse oocytes. Even though we obtained complete mRNA knocked down by RNAi, the oocytes still had a remnant of around 40% of Tkt protein, even though it is supposed to be an endogenous protein that existed from the starting point, that is, prior to the RNAi. Thus, to clarify the possible role of endogenous protein on the initiation of GVBD, we examined the effect of complete inhibition of the pentose phosphate pathway on the GVBD by using a pentose phosphate pathway inhibitor. When we completely blocked the pentose phosphate pathway by using 100 nM diphenyleneiodonium, an inhibitor of NADPH oxidase used as a pentose phosphate pathway inhibitor [16] , added to the oocyte culture medium, it still did not affect the initiation of GVBD (data not shown). Therefore, we concluded that Tkt and/or the pentose phosphate pathway are not associated with the nuclear membrane breakdown of the oocytes, the initiation step of the meiotic resumption.
Although it is dispensable to GVBD, meiotic cell cycle progression did require Tkt and the normal pentose phosphate pathway because the Tkt knocked down oocytes arrested at the MI stage with abnor- To investigate the interrelationship between Tkt RNAi and the two well-known regulators of oocyte maturation, MPF and MAPK, we measured the activities of these two kinases. The activities of these two kinases were measured by examining histone H1 and MBP phosphorylation as a substrate for MPF and MAPK, respectively. Each lane of Figure 5B represents the activities of the two kinases in a single MI oocyte. Both kinases' activities decreased significantly in the Tkt RNAi group ( Figure 5C ). This strongly suggests that Tkt RNAi resulted in disturbed kinase systems.
Changes in expression of other enzymes in the pentose phosphate pathway after RNAi
Tkt catalyzes the conversion of sedoheptulose-7P to R5P, which is the substrate for enzymes Prps1 and Rbks (Figure 1 ). When Tkt mRNA was completely knocked down, the expression of other enzymes' tran-malities in both spindles and chromosomes. Microtubules and microfilaments are required for the dynamic changes that occur during the final stage of meiosis, such as chromosome segregation, spindle anchorage and rotation, and polar body extrusion [17, 18] . Therefore, the aberrations in spindles and chromosomes in the oocytes with Tkt knocked down offer compelling evidence suggesting that the Tkt and pentose phosphate pathway are necessary for crucial steps in the MI-MII transition, and are closely related to MPF and MAPK activities. At this moment, it has not been determined whether the arrest of the MI-MII transition is a direct result of Tkt RNAi or an indirect effect of the affected MPF and MAPK activities after Tkt RNAi, or a combination of both.
Resumption of meiotic maturation in oocytes involves changes in many protein kinase and phosphatase activities [19] [20] [21] . Among the kinases, MPF and MAPK are well-known major regulators of oocyte meiotic maturation [22] [23] [24] . MPF is activated at GVBD and activates chromatin condensation, nuclear membrane breakdown, and the formation of the meiotic spindle [18] . MPF activity controls the formation and position of the spindle in the oocyte [25] . MPF remains active until MI, and the activity declines during the transition between MI and MII, and is maintained at a plateau as the oocytes progress to MII [26] . MAPK is also involved in the regulation of microtubule organization [18, 25] . In this study, Tkt RNAi treatment resulted in abnormalities in the spindles and chromosomes, with a concurrent decrease in MPF and MAPK activities in the oocytes arrested at MI.
In a previous study, we showed that microinjection of malate dehydrogenase (Mor2) dsRNA into oocytes cultured in M16 medium resulted in the arrest of oocyte maturation at the GV (46.6%) and MI (19.4%) stages [27] . Mor2 is an enzyme involved in the tricarboxylic acid (TCA) cycle. In the following study, Mor2 RNAi oocytes matured to MII (61.9%) when cultured in M199 medium plus other factors, including hormones and growth factors. Thus, the inhibition of the TCA cycle can be overcome by treatment with hormones and growth factors [28] . When we used the same medium containing hormones and growth factors to culture oocytes after Tkt RNAi treatment, however, the oocytes did not mature to MII as in the case of Mor2 RNAi (data not shown). Therefore, it is evident that the abnormalities in the pentose phosphate pathway, unlike those of glycolysis, are not influenced or surmounted by growth factors or hormones in oocytes.
Since the pentose phosphate pathway generates the R5P that is used for the synthesis of nucleic acids, R5P treatment is associated with increased levels of PRPP, and its entry into purine metabolism has an effect on oocyte maturation [9] . Incubation of oocytes after Tkt RNAi in the medium supplemented with R5P resulted in about 20% increase in the MII oocytes, and an increase in the expression of Rbks and Prps1 mRNA. Based on these results, we propose that pentose phosphate pathway substrate supplementation is a suitable method for improving the oocyte maturation rate during in vitro culture to mend potential abnormalities of the enzymes.
In conclusion, we have demonstrated that the function of Tkt and its related pentose phosphate pathway in the denuded oocytes is critical for the MI-MII transition in completion of, but not for resumption of, meiotic maturation. In addition, the regulation of the pentose phosphate pathway and glycolysis is different from each other. This work elucidated the role that Tkt plays in the regulation of oocyte maturation.
